Performing a well thought out proteomics data analysis can be a daunting task, especially for newcomers to the field. Even researchers experienced in the proteomics field can find it challenging to follow existing publication guidelines for mass spectrometry based protein identification and characterization in detail. One of the primary goals of bioinformatics is to enable any researcher to interpret the vast amounts of data generated in modern biology, by providing user-friendly and robust end-user applications, clear documentation, and corresponding teaching materials. In that spirit, we here present an extensive tutorial for peptide and protein identification, available at http://compomics.com/bioinformatics-for-proteomics. The material is completely based on freely available and open source tools, and has already been used and refined at numerous international courses over the past three years. During this time, it has demonstrated its ability to allow even complete beginners to intuitively conduct advanced bioinformatics workflows, interpret the results and understand their context. This tutorial is thus aimed at fully empowering users, by removing black boxes in the proteomics informatics pipeline.
Main text
Proteomics aims at answering complex biological questions using advanced technology [1] and workflows include multiple intricate steps like (i) sample preparation [2] [3] [4] [5] ; (ii) biological compound separation [6] and ionization [7] [8] ; (iii) electromagnetic transport, trapping and fragmentation of complex, ionized, gas phase molecules [9] ; (iv) their high accuracy mass measurement [10] ; and finally, (v) the interpretation and dissemination of the often vast amounts of data produced [11] [12] [13] [14] .
Proteomics informatics, positioned at the interface between the experimental raw results and the biological interpretation, has the potential of bringing a detailed understanding of the experimental results to the scientists, empowering them to deduce the most correct interpretation.
However, a common pitfall in this scenario is to consider bioinformatics tools as black boxes that "automagically" retrieve lists of protein accession numbers from spectrum files (Figure 1) . Such an approach does not only disregard the outstanding capabilities of information technology in biology, but can also lead scientists to draw inappropriate conclusions based on experimental or computational artefacts [15] [16] [17] . It is therefore the scientific responsibility of the proteomics community as a whole to move towards fully transparent workflows. Two aspects are critical to avoid black boxes: (i) the methods and their implementation details have to be freely available; and (ii) the software has to support intuitive interpretation, inspection and validation of the results by any user.
The first objective requires the scientist to be familiar with bioinformatic and statistical methods [18] . However, these methods and their vocabulary -with its [19] [20] . Too often, tools are mainly meant to be used in-house or have been developed to tackle a very specific issue that may not be relevant to other labs. And while it is one thing to make tools that do their job in close contact with the developers and in a specific environment, it is a very different (and much more demanding!) task to develop and maintain tools meant to be used by the proteomics community at large. As a result, labs without in-house bioinformatics support face a wide gap between the listed publication requirements for protein identification and characterization [21] and the ability to achieve this level of reporting detail using only open source tools.
The second objective, the intuitive interaction with the results, is achieved by putting the user at the centre of the development focus: the demands for userfriendliness, documentation and support cannot be stressed enough. The installation and execution of proteomics software should ideally not require advanced computer skills or specific hardware. (Although with the growing size of modern proteomics datasets, better hardware usually means quicker processing.) Moreover, user-friendly tools ought to allow (i) visual inspection of the data; (ii) interaction with the results; and (iii) validation of the final output -even on large datasets. This enables highly useful quality control [22] [23] , and provides a crucial link between the experiment and the biological conclusion. Documentation and support can take on many forms, from simple text files to rich interactive web pages and discussion forums, and can be applied at many levels, from how to install and start the tool, to point-and-click guides for important features. A challenge here is to make sophisticated bioinformatics methods easily accessible to non-expert users, while at the same time showing how 5 best to use the tools to meet the quality requirements of the field, and get valid and confident results.
In order to shed light on the many black boxes in proteomics informatics, it is thus crucial to combine open source software with user-friendliness and extensive documentation and teaching material. There are examples of such material, but it is most often focused on a specific tool or software package, e.g., TPP
(http://tools.proteomecenter.org/wiki/index.php?title=TPP_Tutorial) or OpenMS (http://ftp.mi.fu-berlin.de/OpenMS/release-documentation/OpenMS_tutorial.pdf), or limited to a given subject, e.g., selected reaction monitoring [24] . To complement these efforts we have created extensive, freely available online tutorial material for protein identification and characterization. It covers a complete workflow from sequence database generation to the sharing of the results, and relies entirely on user- The tutorial details the main bioinformatics steps of protein identification in sequence: (i) database generation with a focus on UniProt databases [25] ; (ii) peak list generation using the standard ProteoWizard library [26] ; (iii) peptide to spectrum matching using the freely available OMSSA [27] and X!Tandem [28] search engines via SearchGUI [29] ; (iv) detailed processing and inspection of identification results using PeptideShaker (http://peptide-shaker.googlecode.com); and (v) peptide and protein identification validation using the target/decoy approach [30] . The complete 6 workflow is illustrated using a dataset obtained from an LC-MS analysis of a HeLa lysate on a Q Exactive mass spectrometer (see Supplementary Material for details).
Notably, the tools and methods presented are applicable to any fragmentation and shotgun mass spectrometry technique, independently from the manufacturer.
Following the identification-related tutorials, a functional analysis using various online resources is conducted to further annotate the identified proteins and show the reader how to enrich a list of protein identifications with existing biological knowledge. Databases and tools introduced in this context include: UniProt [25] , Ensembl [31] , Gene Ontology [32] , Dasty3 [33] , STRING [34] , Reactome [35] , and the Protein Data Bank [36] . The purpose here is not to give an in-depth introduction to each resource, but rather to make the reader aware of the numerous resources that can be used to increase the understanding of the obtained proteomics data [15, 37] .
Finally, the tutorial covers the increasingly important step of submitting the analysis results to PRIDE (the Proteomics Identifications database ) [38] according to the ProteomeXchange guidelines (http://www.proteomexchange.org). Additionally, the use of PRIDE Inspector [39] to view publicly available datasets is demonstrated, and a novel way to perform simple re-analysis of such data with only a couple of mouse clicks is introduced. An overview of all the tools and how they interact is shown in Figure 3 .
All the material is written with the novice proteomics user in mind, clarifying all concepts and acronyms commonly found in protein identification. But the tutorials also highlight aspects that even experienced proteomics researchers may not have considered in detail. The individual sections are independent, enabling the reader to focus on specific subjects without the need to go through the entire tutorial.
Screenshots and illustrations are used extensively throughout the text, both to ensure readers that they are on the right path as well as to emphasize important details.
Finally, the text contains numerous questions and tips helping the reader throughout the analysis and drawing attention to crucial details in a proteomics analysis pipeline. The questions range from What is the difference between using a mass tolerance in ppm or Dalton? to Would you rather use an FDR, PEP or FNR validation threshold? Detailed answers to all questions can be found at the tutorial web page. Feedback on the tutorial material can be provided at the same location using an online evaluation form and the provided feedback will be used as part of the ongoing process of maintaining, improving and extending the material. We are already planning additional sections on PTM localization analysis, de novo sequencing, and various approaches for quantitative proteomics. New sections will be made available on the web site as soon as the content has been tested and validated.
In conclusion, by covering a clear and complete protein identification and characterization workflow, from sequence database generation to the sharing of the resulting proteomics identifications, our tutorial material will allow any researcher to perform high quality proteomics data analysis and reach the standards of the publication guidelines. Moreover, by only relying on universal open source, userfriendly and well-documented tools, we here present a fully transparent workflow that empowers the scientists to master and understand every detail of the process. With this we hope to contribute to shedding much needed light on the remaining proteomics bioinformatics black boxes. 
